Vesicular stomatitis virus (VSV) is a member of the Vesiculovirus genus of the family Rhabdoviridae. The negative-sense virus genome is 11,162 nucleotides long and contains five genes in the order 3Ј N-P-M-G-L 5Ј, encoding the five major viral proteins (1, 3) . The bullet-shaped VSV particle (160 nm by 80 nm) contains a ribonucleoprotein core (nucleocapsid) composed of genomic RNA closely associated with N protein and a RNA polymerase composed of a complex of L and P proteins enveloped in a host cell-derived plasma membrane (4, 18, 19, 44, 53, 56) . Following uptake of the virus particle by susceptible cells, nucleocapsid and viral RNA polymerase are released into the cytoplasm and viral mRNA transcription ensues. A 3Ј-5Ј gradient of viral mRNA transcription leads to abundant N protein expression and successively decreasing levels of P, M, G, and L proteins (1, 3, 15, 19, 27, 57) . This gene expression gradient provides virus proteins in a suitable ratio for subsequent viral genome replication and assembly of mature virus particles. Virus replication in cell culture is rapid, and virus progeny are detectable 5 to 6 h postinfection.
Since the initial recovery of infectious recombinant VSV (rVSV) from genomic cDNA (39, 61) , effort has been directed towards the development of rVSV as a vaccine vector targeting a variety of different human pathogens, including human immunodeficiency virus type 1 (HIV-1) (25, (31) (32) (33) (34) (48) (49) (50) (51) . The major advantages of rVSV vaccine vectors and their immunogenicity and protective efficacy in animal models have been described in detail previously (12) . However, VSV is both neurotropic and neurovirulent in mice (54, 58, 60) and can cause neurological disease when injected directly into the brain of cows and horses (24) . The original rVSV Indiana serotype vector (rVSV IN ) developed by J. Rose and colleagues was less pathogenic following intranasal inoculation in mice than the cell culture-adapted virus from which it was derived, but the neurovirulence (NV) potential of this vector following direct intracranial (IC) inoculation was not known. To address this question, an exploratory nonhuman primate (NHP) NV study based on the methodology used for NV testing of mumps vaccine seed lots was carried out. In that pilot study, wild-type (wt) VSV IN and rVSV IN caused clinical signs of severe neurological disease following intrathalamic inoculation of animals; two additional rVSV vectors expressing the HIV-1 Gag protein did not cause any clinical signs of disease, but histological examination of the central nervous system (CNS) in these animals revealed evidence of necrotic and inflammatory lesions (30) . These findings indicated that rVSV IN vectors would require further attenuation before being considered suitable for clinical evaluation.
When it became possible to recover infectious VSV from genomic cDNA (39, 61) , directed approaches to study rVSV attenuation were adopted. One attenuation strategy known as gene shuffling involves rearranging the natural gene order of VSV, which alters normal levels of gene expression (2, 60) . Viruses modified by gene rearrangement often grow poorly in vitro and are typically less virulent in vivo (21-23, 42, 60) .
A different attenuation strategy involves truncation of the 29-amino-acid cytoplasmic tail (CT) region of the virus G protein (50, 55) . Viruses with shortened CTs have slower growth rates, reach lower peak titers in vitro, and are less pathogenic in mice than unaltered viruses (49) . Because N gene shuffles and G protein CT truncations involve gene translocations and deletion of part of the G gene, respectively, mutants generated by these strategies have a stable attenuation phenotype-genotype (23, 55) .
A third attenuation strategy relies on nucleotide substitutions within the M gene that ablate expression of two in-frame overlapping polypeptides initiated downstream from the M protein translation start codon (29) . Viruses that do not express these polypeptides demonstrate reduced cytopathology in a variety of cell lines and are highly attenuated in mice. Consequently, mutants that do not express these polypeptides have been called noncytopathic M mutants (M NCP ).
In this study, we sought to explore and define strategies that would allow step-wise increases in rVSV IN vector attenuation to levels beyond those previously described, thereby increasing the range of attenuated vectors from which to generate an ideal rVSV IN -HIV-1 vaccine vector for future clinical evaluation. To achieve this we combined G protein CT truncations with either N gene shuffles or M NCP gene mutations. Growth characteristics of the resulting rVSV IN combination mutants were studied in vitro, and their neurovirulence was assessed in a mouse IC 50% lethal dose (LD 50 ) model to determine degree and relative order of vector attenuation.
MATERIALS AND METHODS

Cells and virus.
Vero and baby hamster kidney (BHK) cell lines were obtained from the American Type Culture Collection and propagated under conditions of 37 C and 5% CO 2 in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, sodium pyruvate (20 mM), and gentamicin (50 g/ml). The tissue culture-adapted San Juan strain of the VSV Indiana serotype (VSV IN ), a recombinant form of VSV IN (rVSV IN ) (39) , rVSV IN expressing HIV-1 Gag protein (rVSV IN gag5), and two attenuated forms of rVSV IN gag5 (rVSV IN CT1 gag5 and rVSV IN CT9 gag5) were kindly provided by J. Rose (Yale University, New Haven, CT). A modified form of vaccinia virus Ankara (MVA) that expressed bacteriophage T7 RNA polymerase (MVA-T7) (62) was obtained from Bernard Moss (National Institutes of Health, Bethesda, Maryland) and further modified to express T7 RNA polymerase under the control of an early transcription promoter (38) .
Virus propagation, purification, and titration. Virus was routinely amplified on BHK cell monolayers and titrated on Vero cell monolayers. For virus amplification BHK cells were infected at a multiplicity of infection (MOI) of 0.001 to 0.05 PFU/cell. Virus inoculum was adsorbed for 15 min at room temperature (RT) followed by 30 min at 37 C. Additional growth medium was then added, and cells were incubated at 37 C until they became rounded and detached from the flask. Infected cell supernatant was clarified by centrifugation for 10 min at 3,000 ϫ g. The virus suspension was then flash frozen in an ethanol-dry ice bath and stored at Ϫ80 C prior to titration. Where necessary, virus was further purified from infected cell supernatant by centrifugation through 10% (wt/vol) sucrose in 1ϫ phosphate-buffered saline (PBS). Briefly, ϳ20 ml of clarified cell supernatant was underlaid with 12 to 15 ml of 10% (wt/vol) sucrose in a Beckmann Ultraclear tube followed by centrifugation at 28,000 rpm in a Beckmann SW-28 rotor for 1.5 h at 4 C. Following centrifugation, supernatant was aspirated, the virus pellet was resuspended in PBS, and the virus suspension was flash frozen and stored at Ϫ80 C prior to plaque assay. For virus titration by plaque assay, freshly confluent Vero cell monolayers in six-well plates were infected with 0.1-ml aliquots from serial 10-fold dilutions of rVSV in growth medium. An additional 0.4 ml of medium was added to each well to prevent cell desiccation, and virus was adsorbed for 15 min at RT followed by 30 min at 37 C. The virus inoculum was then removed, and cell monolayers were overlaid with 3 ml of 0.8% (wt/vol) agarose (SeaPlaque; Cambrex Bio Science Rockland, Inc., Rockland, ME) in growth medium. After 10 min at RT to allow the agarose to solidify, cells were incubated at 37 C in 5% CO 2 for 1 to 4 days for plaque development. The agarose overlay was then removed, monolayers were rinsed once with 2 ml of PBS, and cells were stained and fixed in 0.5 ml of 70% methanol containing 2% crystal violet for 5 min at RT. Plaques were counted after removal of excess stain under running water. Generation of attenuated rVSV IN genome cDNAs. The generation of both CT1 and CT9 mutants has been previously described in detail (49, 55) . The corresponding rVSV genomic cDNAs were generously provided by J. Rose (Yale University, New Haven, CT) and were used in the derivation of the combination mutants described below.
A method for gene translocation within rVSV IN genomic cDNA has been described in detail previously (2, 60) . A different method of N gene translocation was used in this study. Briefly, the N gene was first deleted from rVSV IN genomic cDNA by replacing the natural BsaAI-XbaI genome fragment ( Fig. 1 ) with a DNA fragment that was generated by in vitro ligation of two PCR products, one stretching from the BsaAI site in the plasmid vector to the exact 3Ј end of the virus leader sequence (positive sense) and the other spanning the region from the transcription start signal of the P gene to the downstream XbaI site. Precise ligation of DNA containing the virus leader sequence, with DNA containing the exact 3Ј end of the P gene, was achieved by addition of BsmBI sites to PCR primers. The N gene was then reinserted into the ⌬N genome cDNA between the P and M genes (N2), between the M and G genes (N3), and between the G and L genes (N4) by use of a similar approach. For generation of the N2 genome cDNA, a PCR product spanning the entire N gene and 3Ј CT intergenic dinucleotide was ligated to flanking PCR fragments in vitro; one DNA fragment stretched from the unique XbaI site to the 3Ј end of the P gene and contained the P/M intergenic dinucleotide GT. A second DNA fragment spanned the entire M gene to the unique MluI site in the G gene. Addition of BsmBI sites to the 3Ј and 5Ј ends of the P and M gene fragments, respectively, and to 3Ј and 5Ј ends of the N gene fragment allowed all three DNA fragments to be ligated in vitro and then cloned into the XbaI and MluI sites of the ⌬N genome cDNA. The N3 cDNA genome was constructed in a similar fashion. A PCR fragment spanning the region from the unique XbaI site in the P gene to the end of the M gene, including the 3Ј CT intergenic dinucleotide, was ligated to a PCR fragment spanning the entire N gene, a 3Ј CT intergenic dinucleotide, and the first 32 nucleotides of the G gene containing the unique MluI site. Both DNAs were ligated through BsmBI sites at the 3Ј end of the P/M fragment and the 5Ј end of the N gene fragment. This DNA fragment was then cloned into the unique XbaI and MluI sites of the ⌬N cDNA genome. For generation of the N4 genome cDNA, a PCR product spanning the entire N gene was joined with flanking PCR products, one stretching from the unique MluI site to the end of the G gene, including the 3Ј CT intergenic dinucleotide, and the other containing the G/L intergenic dinucleotide CT and the region from the 5Ј end of the L gene to the unique HpaI site. All three fragments were joined by the addition of BsmBI sites to the 3Ј and 5Ј ends of the G and L gene fragments, respectively, and to the 3Ј and 5Ј ends of the N gene DNA fragment. The resulting contiguous DNA fragment was then cloned into the MluI and HpaI sites of the ⌬N cDNA genome.
A plasmid cDNA containing the M NCP gene in the rVSV IN backbone was generously provided by Michael Whitt (University of Tennessee, Nashville) (29) . The M NCP gag5 and M NCP CT1 gag5 vectors were generated by cloning a DNA fragment that spanned the mutant M NCP gene and part of the P gene into the unique XbaI-MluI sites of rVSV IN Four N gene shuffle-CT combination mutants (N2CT9, N2CT1, N3CT9, and N3CT1) were generated by swapping the G genes from the N2 and N3 cDNAs with the CT1 and CT9 truncated forms of the G gene via unique flanking MluI and HpaI sites.
Recovery of rVSV IN from cDNA. Infectious virus was recovered from genomic cDNA following transfection of BHK cells with a mixture of plasmids expressing VSV N, P, and L proteins and full-length positive-sense genomic RNA, all under the control of the bacteriophage T7 RNA polymerase transcription promoter (39) . For transfection, 95% to 100% confluent BHK cell monolayers in six-well dishes were incubated for 4 h in 3% CO 2 at 32 C in 4.5 ml/well of fresh growth medium. Meanwhile, a plasmid DNA-CaPO 4 precipitate was prepared for each cell monolayer by mixing 2 to 4 g of plasmid containing full-length genomic cDNA, 1.0 g of N plasmid, 0.5 g of P plasmid, 0.15 g of L plasmid, 25 l of CaCl 2 (2.5 M), and water to achieve a 250-l final volume. The DNA-CaPO 4 precipitate was then formed by dropwise addition of 250 l of 2ϫ BBS (280 mM NaCl, 50 mM BES, 1.5 mM Na 2 HPO 4 , pH 6.95 to 6.98) with gentle vortexing. The mixture was incubated at RT for 20 min to allow precipitate formation and then added dropwise to cells with gentle swirling. To provide a source of T7 RNA
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polymerase, MVA-T7-GK16 (38) was then added to each well at an MOI of 3 to 4 PFU/cell along with 20 g/ml cytosine arabinoside to inhibit amplification of MVA-T7. Cells were then incubated at 32 C in 3% CO 2 for 3 h followed by a 2-h heat shock at 43 C in 3% CO 2 (43) . Following heat shock, cells were incubated at 32 C in 3% CO 2 for 18 to 24 h. Transfection medium was then replaced with 2 ml of fresh growth medium containing cytosine arabinoside, and cells were further incubated at 37 C in 5% CO 2 for 48 to 72 h. Transfected cells were then scraped into suspension, gently pipetted repeatedly to reduce cell clumping, and transferred to 95% to 100% confluent Vero cell monolayers in six-well dishes. The following day, cocultures were supplemented with 1 ml of fresh growth medium and incubation was continued for a further 3 to 5 days, during which time VSV cytopathic effect (CPE) became apparent. Rescued virus was then triple plaque purified and further amplified prior to in vitro and in vivo analysis.
In vitro growth studies. For comparison of rVSV IN mutant plaque sizes, plaque assays were performed in duplicate on replicate Vero cell monolayers as described above. For growth kinetics studies, replicate Vero cell monolayers in 25 cm 2 flasks were infected in duplicate at an MOI of 5 PFU/cell. Virus was adsorbed in 0.5 ml of growth medium for 15 min at RT followed by 30 min at 37 C with occasional rocking to prevent cell desiccation. After removal of the inoculum, monolayers were rinsed three times with 5 ml of PBS to remove unbound virus; 5 ml of growth medium was then added to each monolayer, and a 0.5-ml aliquot was immediately removed as a "time h 0" (T 0 ) sample and replaced with 0.5 ml of fresh medium. Incubation was continued at 37 C in 5% CO 2 for 48 to 72 h, and further samples were taken at T 3 to T 48 . All samples were flash frozen in ethanol-dry ice and stored at Ϫ80 C for titration. Mouse IC LD 50 studies. Five-week-old female Swiss Webster mice (Taconic Laboratory Animals and Services, Germantown, NY) were anesthetized and injected IC with log 10 -fold dilutions of virus in 30 l PBS (10 mice per dilution, with dilutions adjusted to range around the anticipated LD 50 ). Weight and health status were recorded daily for 2 weeks. Mice becoming either bilaterally paralyzed or showing significant signs of distress or severe illness were sacrificed and recorded as succumbing to VSV disease. The LD 50 and the 50% paralyzing dose (PD 50 ) were determined by the method of Reed and Muench (45) based on the number of mice that became paralyzed. All animal care and procedures conformed to Institutional Animal Care and Use Committee guidelines. The facilities are fully accredited by the American Association for Accreditation of Laboratory Animal Care.
RESULTS
Recovery of attenuated rVSV IN vectors from genomic cDNA.
The complete spectra of rVSV IN vectors recovered from genomic cDNA and subsequently used for in vitro and in vivo attenuation studies are shown in Fig. 2A . Attenuated rVSV IN mutants were generated using three different attenuation strategies and combinations thereof. In one strategy the N gene was translocated (shuffled) to the second, third, and fourth gene positions (N2, N3, and N4, respectively) in the rVSV IN genome. In another strategy, the G protein CT was truncated to either nine (CT9) amino acids or one (CT1) amino acid. A third attenuation strategy abolished expression of two overlapping polypeptides encoded within the M gene open reading frame, generating the M NCP gag5 mutant containing the HIV-1 gag gene at position 5 in the genome. Both the CT9 and N4 mutants contain an additional "empty" transcriptional unit (TU) at the fifth position in the genome. This TU contains an XhoI-NheI cassette flanked by transcription start and stop signals to facilitate insertion and expression of foreign genes (50, 51) . Because results from previous murine NV studies (60) and an exploratory NHP NV study (30) attenuate rVSV IN sufficiently for use as a vaccine vector in humans, these mutations were also combined in different configurations in an effort to produce more highly attenuated variants. Most double mutants were generated by combining N gene shuffles with G protein CT9 and CT1 truncations (shuffle-CT mutants), giving rise to N2CT9, N3CT9, N2CT1, and N3CT1 vectors; another double mutant containing the HIV-1 gag gene at position 5 in the genome was generated by combining the G protein CT1 truncation with the M NCP mutations (M NCP CT1 gag5). Even though it was anticipated that the mutant vectors would be more growth attenuated in vitro than the prototype rVSV IN vector developed by J. Rose and colleagues, all single and combination mutants were recoverable from cDNA.
Comparison of rVSV IN mutant plaque size. To gain a first impression on the relative attenuation levels of rVSV IN mutants, plaque sizes on Vero cell monolayers were compared at different times postinfection (Fig. 2B) . From this analysis a number of trends emerged. Plaques produced by rVSV IN and wt VSV IN were almost the same size at all time points, indicating that rVSV IN growth was little more attenuated than wt VSV IN growth in cell culture. Virus containing only M NCPattenuating mutations (M NCP gag5) produced a delayed cell CPE, as previously observed (29) , that resulted in very small plaques by day 1. At later time points, plaques were only slightly smaller than those made by rVSV IN , indicating efficient growth and spread of this mutant in vitro. However, it should be noted that although M NCP plaques were similar in size to The M NCP CT1 gag5 combination mutant produced plaques that were much smaller than M NCP gag5 plaques and similar in size to those produced by the CT1 virus, indicating that the CT1 truncation was the dominant attenuating mutation affecting virus growth and spread in vitro. Importantly, both CT and N gene shuffle mutants had plaque sizes commensurate with degrees of genetic alteration. For example, CT1 mutants produced smaller plaques than CT9 mutants, and there was a gradient of decreasing plaque size as the N gene was moved further away from the 3Ј transcription promoter (N2 to N4), as previously reported (60) . When N gene shuffle and CT mutations were combined, plaque size was decreased relative to the results seen with mutants having only one of the two mutations. For example, N2CT1 and N3CT1 produced plaques that were on average smaller than plaques produced by N2, N3, or CT1 mutants at all time intervals. This effect was also seen for N3CT9 but was less notable for N2CT9 except at day 1. Plaque sizes for N shuffle-CT combination mutants also varied incrementally with degree of genetic alteration, and a gradient of decreasing plaque size (N2CT93N3CT93N2CT13N3CT1) was seen.
Overall observations of plaque size indicated that the combination of N gene shuffles and CT truncations can attenuate virus incrementally and to a greater degree than either single form of mutation. In vitro growth kinetics of rVSV IN mutants. We next performed a series of growth kinetic studies measuring the rate and extent of virus growth to further compare relative in vitro attenuation levels among rVSV IN mutants (Fig. 3) . As shown in Fig. 3A , the rate of virus growth was reduced in relation to the position (N2 to N4) of the N gene, with a reduction in peak virus titer of 5-fold for N2, 10-fold for N3, and 100-fold for N4 compared to rVSV IN results. The CT9 and CT1 gag5 mutants (Fig. 3B ) also had reduced growth rates and reached 10-fold and 100-fold-lower peak titer respectively than rVSV IN , in general agreement with previous reports (49, 55) . It should be noted that the addition of the HIV-1 gag gene between the G and L genes of rVSV IN did not significantly reduce growth of virus in cell culture and that the CT1 and CT1 gag5 mutants displayed almost identical growth kinetics in vitro (data not shown). More importantly, when N gene shuffles were combined with G protein CT truncations a series of virus mutants was generated that had reduced growth rates and a reduction in peak infectious particle production compared to virus containing either form of mutation alone ( Fig. 3C and 3D ). Overall, the growth kinetic studies indicated a gradient of increasing virus attenuation (N2CT93N3CT93N2CT13N3CT1) identical to that observed in plaque size comparisons. In this combinatorial approach to virus attenuation, N3CT1 had 1,000-fold-lower peak virus titer than rVSV IN and 50-and 500-fold-lower peak titer than CT1 and N3 mutants, respectively (Fig. 3D) . A separate series of growth kinetic studies were performed for the M NCP mutants, as they were originally generated with the HIV-1 gag gene inserted between the G and L genes of the genome(s). As previously described, virus containing the M NCP mutations replicated to a nearly normal peak titer in cell culture (Fig. 3E) but with a delayed onset of CPE in most cell types (29) . Unlike the synergistic attenuation of virus growth seen with N gene-CT combination mutants, combining M NCP mutations with the CT1 truncation did not significantly alter growth in cell culture compared to the results seen with the CT1 mutant alone, indicating that the CT1 mutation was the dominant attenuating mutation in vitro.
Assessment of rVSV IN vector neurovirulence in mice. Young mice are much more sensitive to infection with VSV following IC inoculation than following intranasal inoculation (54, 60) . Moreover, unlike wt VSV IN , attenuated rVSV IN mutants containing either cytoplasmic tail truncations (CT1 and CT9) or N gene shuffles (N2, N3, and N4) do not cause death following intranasal inoculation (25, 60) . Therefore, to measure differences in virulence among the attenuated rVSV IN mutants, mice were inoculated IC, and the cumulative animal deaths, time until death, and frequency and severity of paralysis were measured. The LD 50 s and the PD 50 s were calculated based on the method of Reed and Muench and are shown in Fig. 4A . The time to death in animals receiving a lethal dose is shown in Fig. 4B .
Mice receiving wt VSV IN reproducibly died 2 to 4 days postinoculation, and the LD 50 was only 1 to 2 PFU. In agreement with plaque size comparisons and growth kinetics studies, rVSV IN , with and without HIV gag inserted between the G and L genes, was only marginally more attenuated than wt VSV, with an LD 50 of approximately 2 to 5 PFU and a slightly delayed onset of death at 2 to 5 days. Viruses containing either CT truncations or N gene shuffles alone were slightly more attenuated than rVSV IN , with LD 50 values of 12 to 21 PFU for CT9, CT1, N2, N3, and N4. Although the LD 50 s of N2, N3, and N4 mutants were similar, there was a respective incremental increase in time to onset of death. However, a dramatic decrease in virulence was seen when the CT1 mutation was combined with N gene shuffles. Most notably, for N3CT1 the LD 50 increased to Ͼ10
5 PFU compared to 15 PFU and 12 PFU for CT1 and N3 viruses, respectively, and the LD 50 for N2CT1 was 1.1 ϫ 10 4 PFU, demonstrating powerful synergistic attenuation of virulence for these combinations of mutations. Moreover, when animals died at higher doses, onset to death was delayed to 4 to 11 days postinoculation for N2CT1 and 6 to 14 days for N3CT1. To a lesser extent, and consistent with the order of attenuation observed in vitro, synergistic attenuation was also observed for N3CT9, with an LD 50 of 524 PFU and delayed onset of death. As the least attenuated among the combination mutants in vitro, the LD 50 dose for N2CT9 was very similar to the LD 50 s for N2 and CT9; however, time to onset of death was delayed compared to that seen with the N2 and CT9 variants. Arrowheads indicate results in which LD 50 and PD 50 were not achieved.
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Many of the mice inoculated with the combination mutants, in particular, N3CT1 and N2CT1, displayed morbidity in the form of paresis and unilateral paralysis, from which they started to recover by week 3 postinfection, without mortality. Thus, the PD 50 s for N3CT1 and N2CT1 were less than their respective LD 50 s. Mice receiving the more virulent viruses died quickly without a measurable paralytic phase. Therefore, the PD 50 and LD 50 values for these viruses were recorded as being identical. Overall, the gradient of attenuation for the N gene shuffle-CT combination mutants observed in vivo was identical to that observed in vitro. IC infection with M NCP gag5 primarily caused some mild paralysis (PD 50 of 10 4 PFU) but not death at up to the highest dose (10 6 PFU) tested, and an LD 50 dose was not achieved. However, combining the M NCP and CT1 mutations reduced the amount of paralysis compared to the results seen with M NCP gag5 alone such that neither a LD 50 nor a PD 50 could be calculated for M NCP CT1 gag5. The very high level of attenuation observed for the M NCP gag and M NCP CT1 gag5 mutants in vivo and the absence of a measurable LD 50 for both mutants at input levels that were approaching a practical limit for M NCP CT1 gag5 prevented any clear conclusions concerning the synergistic effect of combining the M NCP and CT1 mutations. However, the M NCP mutation was clearly the dominant attenuating mutation in vivo, while the CT1 mutation was clearly dominant in vitro.
DISCUSSION
An exploratory NV study of NHPs indicated that the rVSV IN -HIV-1 vaccine vectors pioneered by J. Rose and colleagues retained significant levels of virulence and might be insufficiently attenuated for clinical evaluation (30) . The present study was undertaken to investigate strategies for further attenuation of rVSV IN and to identify less-virulent variants that might be more suitable as vaccine vectors for HIV-1 and other pathogens.
Variants containing only a single form of attenuating mutation were more growth attenuated than the prototypic rVSV IN vector in vitro but, except for the M NCP mutant, were still highly neurovirulent when tested in the murine IC NV model. Virus containing only the CT1 mutation also caused significant neuropathology in an exploratory NHP NV study (30) . In an effort to further increase rVSV IN vector attenuation, CT truncations were combined with either N gene shuffles or M NCP mutations. Most of the resulting combination mutants were more growth attenuated in vitro than vectors containing either single form of mutation. Growth kinetics studies showed that N2CT1 and N3CT1 reached approximately 500-to 1,000-foldlower peak titers than rVSV IN and approximately 50-to 500-fold-lower peak titers than N2, N3, or CT1 mutants. Furthermore, the degree of vector attenuation could be altered incrementally depending on the pairing of specific N gene shuffle and CT mutations. For example, the N3CT1 mutant was more growth attenuated than N2CT1, which was more attenuated than N3CT9 and N2CT9 mutants. The gradient of increasing virus attenuation for these combination mutants was N2CT93N3CT93N2CT13N3CT1. The same order of attenuation was also observed in vivo, but differences in attenuation between combination mutants and virus with only one type of attenuating mutation were even more dramatic. The N2, N3, CT9, and CT1 mutants still retained high levels of virulence following IC inoculation of mice (LD 50 s of 12 to 21 PFU) consistent with previously published data for N gene shuffles (60) . In contrast, N gene shuffle-CT combination mutants had incrementally increasing LD 50 s ranging from 10 PFU for N2CT9 to Ͼ10 5 PFU for N3CT1. Specifically, attenuation synergy appeared to be greater when the CT1 truncation was combined with N2 and N3 gene shuffles.
The differences in relative attenuation between single and combination mutants observed in vitro probably reflect predominantly virus-specific growth attenuation factors. It is thought that the length of the CT tail of VSV G protein may affect the efficiency of virus budding from the cytoplasmic membrane of infected cells. Shorter CTs reduce the rate of particle formation and peak virus titer produced in vitro, possibly due to impaired CT interaction with viral core proteins (16, 28, 50, 55) . The N gene shuffles attenuate virus by a different mechanism. During virus replication, N protein is essential for the encapsidation of nascent genomic RNA, and the resulting nucleocapsid structure is the functional template for mRNA transcription and further genome replication. When the N gene is translocated further away from the single 3Ј transcription promoter, N protein expression decreases (60) . Consequently, limiting N protein reduces the level of nucleocapsid available for transcription, replication, and subsequent incorporation into virus progeny. When transcription is reduced, all virus proteins are expressed less abundantly, placing additional constraints on the availability of all the components needed for assembly and morphogenesis of virus progeny. When both attenuation strategies are combined, not only are viral nucleocapsid and truncated G protein, along with other virus proteins, limiting for viral morphogenesis but impaired interactions between viral nucleocapsid core and the truncated G protein CT likely also further constrain the efficiency of mature particle formation. In vivo, innate and cellular immune responses are additionally superimposed on these growth-attenuating virus-specific factors and likely contribute to the level of attenuation observed in mice.
Innate immunity is usually rapidly induced in response to viral infection in the periphery and likely also plays an important role in controlling virus replication early (days 1 to 5) following IC inoculation of mice (7, 10, 46) . Recently, a role for type I interferon has been proposed for control of attenuated but not pathogenic strains of rabies virus, a relative of VSV, following IC inoculation of mice (59) , and it is possible that differences in virulence between attenuated and pathogenic strains of VSV can also be explained by differential stimulation of alpha/beta interferon in the CNS. VSV growth in the brain may also be controlled by the induction of nitric oxide, which can inhibit VSV replication in vitro and in neurons (5, 8, 11, 13, (35) (36) (37) 47) . Acquired cellular immunity likely also plays an important role in killing some types of infected cells and clearance of virus in the CNS early (days 1 to 8) in the infection (11, 46) . In contrast, the humoral immune response does not appear to have a significant role in the control and clearance of VSV from the CNS following direct IC inoculation of mice (7, 11) .
In view of the host-specific responses to VSV infection of the CNS described above, it is possible that the more slowly rep-licating, highly attenuated N gene shuffle-CT truncation combination mutants less efficiently down-regulate innate immune responses, leading to a more potent antiviral state (14) . For example, reduced expression of the VSV M protein and associated polypeptides can diminish the efficiency of host cell protein shutoff, allowing more efficient induction of innate immune responses (9, 20, 26, 29) . Since the N gene shuffle-CT truncation combination mutants also down-regulate viral gene expression, including the M gene, the innate immune response may be better able to control these viruses. Similar reasoning likely also explains the observed differences between in vitro and in vivo attenuation of M NCP mutants described here. In vitro, the M NCP gag5 and M NCP CT1 gag5 mutants are not subject to innate immune responses, and peak titer is close to that of rVSV gag5 and CT1 gag5, respectively, indicating that the CT1 mutation was the dominant attenuating mutation in vitro. However, both M NCP gag5 and M NCP CT1 gag5 had highly attenuated phenotypes in mice, indicating that the M NCP mutations were dominant in vivo, presumably due to the reduced ability of these viruses to interfere with innate immune responses.
In general, the mouse IC LD 50 NV model proved to be highly sensitive and capable of discriminating changes in virulence within the range of attenuated rVSV vectors tested in this study. Rodent models have also been used to assess the NV potential of other virus vaccine vectors and some licensed live virus vaccines and vaccine candidates, including smallpox vaccine (40) , some yellow fever virus vaccine strains (6), attenuated Venezuelan equine encephalitis virus (41), the Jeryl Lynn strain of mumps virus vaccine (52) and a modified measles virus vaccine strain (17) . Interestingly, some of the more highly attenuated rVSV vectors described here produced less morbidity and mortality following IC inoculation than some of the licensed live virus vaccines. However, it should be emphasized that differences in virus biology and the natural susceptibility of different mouse strains to virus infection and replication make direct comparison of attenuation levels among different virus vaccines and candidate vaccines extremely difficult.
In summary, the net effect of combining specific N gene shuffles and G protein CT truncations was a measurable synergistic attenuation of rVSV IN growth in vitro and a dramatic reduction of virulence in the very sensitive mouse IC LD 50 model. These findings suggest that combining mutations that interfere with viral morphogenesis by impairing interactions between structural proteins with mutations that lead to downregulation of viral structural protein expression may be a useful general mechanism for synergistic attenuation of rVSV IN and other RNA and DNA viruses. Because of the potential of rVSV IN as a vaccine vector for HIV-1 and other human pathogens, experiments are now under way to confirm attenuation of the combination mutants in NHP NV studies and explore the immunogenicity of these highly attenuated rVSV IN vectors.
